Abstract Aims: Glutamate recycling is a major function of retinal Müller cells. The aim of this study was to evaluate the expression and function of glutamate transporters during diabetes. Methods: Sprague-Dawley rats were rendered diabetic by a single dose of streptozotocin (50 mg/kg). Following 12 weeks of diabetes, immunolocalisation and mRNA expression of the two glial cell transporters, GLAST and EAAT4 were evaluated using indirect immunofluorescence and real-time PCR. The function of glutamate transport was investigated at 1, 4 and 12 weeks following induction of diabetes by measuring the level of uptake of the non-metabolisable glutamate analogue, D-aspartate, into Müller cells. Results: There was no difference in the localisation of either GLAST or EAAT4 during diabetes. Although there was a small apparent increase in expression of both GLAST and EAAT4 in diabetic retinae compared with controls this was not statistically significant. At 1, 4 and 12 weeks following diabetes, D-aspartate immunoreactivity was significantly increased in Müller cells of diabetic rats compared to controls (p<0.001). The EC 50 was found to increase by 0.304 log units in diabetic Müller cells compared with controls, suggesting that glutamate uptake is twice as efficient. Conclusions: These data suggest that there are alterations in glutamate transport during diabetes. However, these changes are unlikely to play a significant role in glutamate-induced neuronal excitoxicity during diabetes. These results suggest that although Müller cells undergo gliosis at an early stage of diabetes, one of the most important functions for maintaining normal retinal function is preserved within the retina.
Introduction
Diabetic retinopathy is the leading cause of blindness in those of working age. A major factor in the pathogenesis of this condition is alterations in retinal vasculature, and subsequent neovascularisation. In addition to the vascular changes there are also a range of abnormalities of neuronal function that occur early in diabetes (for review, see [1] ). This neuronal dysfunction is manifest as alterations in colour vision [2, 3] , dark adaptation and electrophysiology [4] [5] [6] [7] . Because such neuronal changes occur early in the disease process, it has been suggested that they may ultimately be linked with the retinal vascular pathology.
Müller cells are vital for maintaining the integrity of the retina [8] . They are actively involved in uptake and degradation of the amino acid neurotransmitters, glutamate and GABA, are involved in shuttling energy metabolites to neurons and are also important for maintenance of the blood-retinal barrier [9] [10] [11] . Astrocytes are intricately linked with the vasculature and have processes within the nerve fibre and ganglion cell layers [12] . The function of astrocytes within the retina is not clearly defined, although they do express glutamate transporters such as GLAST and EAAT4 [13, 14] . Highlighting the potential importance of these glutamate transporters in retinal pathology, studies have reported increased glutamate concentrations within the vitreous of patients with diabetes and in diabetic retinae [15, 16] .
Glutamate is the major excitatory neurotransmitter within the retina and brain [17] . In order to maintain normal retinal function, glutamate must be removed rapidly from the synaptic cleft. At the molecular level, five glutamate transporters have been cloned: excitatory amino acid transporters (EAAT) 1-5, all of which have been identified in the retina [13, 14, [18] [19] [20] [21] [22] . Although the function of specific transporter types is contentious, it is clear that GLAST (EAAT1) is the predominant transporter for removal of glutamate within the retina and defects in its function lead to major deleterious effects on vision [20, 23, 24] .
Several studies have suggested that Müller cells are abnormal in diabetes. They express glial fibrillary acidic protein following one month of diabetes [16] . Furthermore, the level of glutamate within the vitreous of patients with diabetes and in diabetic rat retinae is elevated [15, 16] . However, the major enzyme involved in glutamate degradation within Müller cells, glutamine synthetase, is only moderately affected [25, 26] . These studies suggest that glutamate transport within the retina during diabetes might be abnormal. Indeed, a recent study showed reduced glutamate uptake in isolated Müller cells, suggesting that GLAST function in these cells is altered in the STZ rat model of diabetes [27] . However, it should be emphasised that Li and Puro [27] examined 1-trans-pyrrolidine-2,4-dicarboxylate (a glutamate analogue that is transported into Müller cells via GLAST)-induced currents in isolated Müller cells. Glutamate uptake and expression of glutamate transporters can be affected by the external milieu, in particular serum factors and plasma [28, 29] . Therefore it is important to examine glutamate uptake in an in vivo situation.
The aim of this project was to examine the changes in glutamate transporter expression and function during diabetes using an in vivo model of type 1 diabetes. We used immunocytochemistry and semi-quantitative real-time PCR to examine the expression of GLAST and EAAT4 in the control and diabetic rat retinae and also measured the function of the GLAST transporter by determining the extent of uptake of the non-metabolisable glutamate analogue, D-aspartate.
Materials and methods
Animals Male Sprague-Dawley rats, aged 6 to 7 weeks, were injected with either a single dose of streptozotocin (STZ; 50 mg/kg; Sigma Chemical, St Louis, MO, USA) dissolved in 0.1 mol/l citrate buffer, pH 4.5, or citrate buffer alone. Only diabetic animals with a blood glucose level of ≥15 mmol/l were included in the study. Diabetic animals were given two units of long-acting insulin daily to maintain body weight and prevent ketoacidosis without lowering blood glucose levels. All animals had free access to rat food and water. Table 1 illustrates the effects of treatment on blood glucose and glycosylated haemoglobin, in diabetic and control animals. All experiments were performed in accordance with the guidelines for the welfare of experimental animals issued by the Federal Government of Australia, and the National Health and Medical Research Council. The Principles of Laboratory Care ublished by the National Institute of Health (publication no. 85-23, revised 1985; http://grants1.nih.gov/grants/ olaw/references/phspol.htm) were followed. Following 1, 4 and/or 12 weeks of diabetes, control and diabetic rats were deeply anaesthetised with xylazine/ketamine (60:5 mg/kg, Therapon Pty Ltd, Burwood, Victoria, Australia) and either killed by anaesthetic overdose with pentobarbital (72 mg/kg; RNA isolation, immunocytochemistry) or injected intravitreally with D-aspartate or sham injections of phosphate buffered saline.
EAAT4 and GLAST immunocytochemistry
In order to examine the protein expression of GLAST and EAAT4, control and diabetic rat eyes were enucleated, the anterior segment and vitreous removed, and the posterior eyecup placed in a chilled fixative containing 4% paraformaldehyde in 0.1 mol/l phosphate buffer (PB) for 30 min. Following fixation, the retinae were dissected from the eyecup, cryoprotected in graded sucrose solutions (10, 20, 30%) , and either sectioned vertically at 12 μm on a cryostat, or processed free-floating as flat-mounts.
A guinea-pig polyclonal antiserum directed against the C-terminus of GLAST (AB#1782; Chemicon International, CA, USA; diluted 1:1,000) was used to evaluate changes in the localisation of GLAST during diabetes. A polyclonal affinity-purified antiserum directed against a 21 amino acid synthetic oligopeptide corresponding to the C-terminus of rat EAAT4 was used to immunolabel EAAT4 (Alpha Diagnostic Int., San Antonio, TX, USA, diluted 1:100).
Immunocytochemical labelling was carried out using indirect immunofluorescence or avidin-biotin-peroxidase complex (ABC) method. Retinal sections were blocked for 1 h in a solution containing 10% normal goat serum (NGS), 1% bovine serum albumin (BSA), 0.05% Triton-X-100 in PB. The primary antibodies were diluted in 3% NGS, 1% 
Expression of GLAST and EAAT4
In order to examine changes in mRNA expression of GLAST and EAAT4, the eyes from control and diabetic rats were removed, the anterior contents discarded and the retina dissected free from the posterior eyecup. The retinae were then snap frozen in liquid nitrogen and stored at −70°C until use.
RNA isolation and RT-PCR Total RNA was isolated from individual rat retinae (10-30 mg) using the RNeasy mini kit (Qiagen, Chatsworth, CA, USA). To eliminate potential genomic DNA contamination, a DNase I treatment was included in the isolation protocol. The purified RNA was quantified at 260 nm on a spectrophotometer (Perkin Elmer Corp., Norwalk, CT, USA) and 0.5 μg RNA was reverse transcribed (Omniscript RT kit; Qiagen, Chatsworth, CA, USA) using 0.5 μmol/l oligo-d(T) primers. Specific rat GLAST (5′-ctctgggcatcctcttcttg-3′ and 5′-caaatctggtgatgcgt ttg-3′) and EAAT4 (5′-tatggcatccttggacaaca-3′ and 5′-accag gtccatgaaagcatc-3′) primers were designed and used (0.5 μmol/l) with commercial PCR reaction mix (HotstarTaq; Qiagen The relative expression levels of GLAST and EAAT4 were determined for rat retinae using real-time PCR (LightCycler; Roche, Mannheim, Germany). Total RNA was isolated and reverse transcribed as above. An aliquot of cDNA (0.025 μg) added to a commercial reaction mix (FastStart DNA Master SYBR Green I; Roche) containing 3 mmol/l MgCl 2 and 0.5 μmol/l of the respective primers. After an initial denaturation (95°C, 10 min), a 40-cycle protocol was used (95°C, 0 s; 60°C, 10 s; 72°C, 12 s) with the fluorescent signal detected after the extension step. Hypoxanthine phosphorylribosyl transferase (HPRT) was used as the housekeeping gene. For the HPRT reactions, human primers (5′-ggaggccatcacattgtagc-3′ and 5′-ccacaatc aagacattctttcc-3′) were included and the final MgCl 2 concentration was 4 mmol/l. The amplification protocol was similar to that described for GLAST and EAAT4, however, a 15-s extension time was used and the fluorescence signal detected at 82°C for 2 s. While the human primers had one base pair mismatch in both oligonucleotides when compared to the rat sequence, a single product of the correct size was amplified. Sequencing of the product showed it to be rat HPRT. All amplifications were performed in triplicate and tissue GLAST and EAAT4 expression levels were corrected for HPRT content.
In vitro D-aspartate uptake assay D-Aspartate is a nonmetabolisable glutamate transporter analogue. By measuring the degree of D-aspartate uptake into Müller cells, we were able to examine the function of the glutamate transporter GLAST in Müller cells. In order to be able to examine the changes in uptake in control and diabetic retinae, it was first necessary to establish the concentration of D-aspartate that saturates the transporter. The eyes from six adult male Sprague-Dawley rats were removed, the anterior portion of the globe separated and the retinae dissected free from the posterior eyecup. Each retina was cut in half and incubated at 37°C in oxygenated AmesNesbett solution supplemented with D-aspartate at the following concentrations for 10 min: 0, 0.01, 0.03, 0.1, 0.3 and 1 mmol/l. Following 10 min, the retinae were immediately removed and placed into chilled fixative and processed for post-embedding immunocytochemistry (as described below).
D-Aspartate uptake in control and diabetic retinae Following 1, 4 and 12 weeks, control and diabetic rats were prepared for D-aspartate assaying. The cornea of each rat was anaesthetised with 0.5% proxymetacaine (Ophthetic; Allergan, Frenchs Forest, NSW, Australia). Under deep anaesthesia (xylazine/ketamine; 60:5 mg/kg, Therapon Pty Ltd, Burwood, Victoria, Australia), the right eyes were slowly injected intravitreally with either 2 μl of 0.67 mmol/l [30] or 2 μl of 2.5 mmol/l D-aspartate, a nonendogenous ligand of glutamate transporters that can be detected by immunocytochemistry [31] . Based on these injection concentrations and volumes, the final vitreal concentration was approximately 0.1 and 0.37 mmol/l respectively (assuming a rat vitreal volume of 13.36 μl).
Following 30 min rats were killed by intracardial injection of pentobarbital and their eyes removed. The eyes were then placed in a chilled fixative solution containing 1% paraformaldehyde, 2.5% glutaraldehyde, 3% sucrose, 0.01% calcium chloride in 0.1 mol/l phosphate buffer (pH 7.4). The tissue remained in the fixative for 24 h, and was then rinsed with phosphate buffer and dissected. The anterior portion of the globe was removed and the retina was dissected into superior nasal and temporal, and inferior nasal and temporal sections through the optic nerve. The tissue was processed through a graded series of methanol washes (75, 85, 95 and 100%) and embedded in an epoxy resin (ProSciTech, Queensland, Australia). In order to minimise the effect of eccentricity, only pieces of retinae adjacent to the optic nerve were embedded. The samples were sectioned at 500 nm on an ultramicrotome (Reichert-Jung Ultracut S) and placed on Tefloncoated 18-well slides (Cel-line, Newfield, NJ, USA) and subsequently processed for serial-section post-embedding immunocytochemistry.
D-Aspartate immunocytochemistry The post-embedding immunocytochemical procedure used was that described by Kalloniatis and Fletcher [32] . The tissue sections were etched in 1:5 solution of sodium ethoxide/ethanol rinsed in a graded series of methanol washes and placed in phosphate buffer (0.1 mol/l PB). The slides were then placed in 1% sodium borohydride in 0.1 mol/l phosphate buffer for 30 min, washed, dried and blocked with a solution containing 5% goat serum, 0.8% bovine serum albumin, in phosphate buffered saline (pH 7.4) for 1 h. Sections were then incubated overnight in rabbit anti-D-aspartate (kindly donated by Prof. R.E. Marc, University of Utah) diluted 1:100 in 1% goat serum in phosphate buffered saline (GSPBS). Following the incubation with the primary antibody, the slides were rinsed in 1% GSPBS for 30 min. The secondary antibody, goat anti-rabbit IgGs conjugated with 1-nm gold and diluted 1:100 in 1% GSPBS, was applied for 4 h (gold conjugates purchased from British BioCell International, UK). The slides were then rinsed several times in phosphate buffered saline (PBS) and fixed in 1% glutaraldehyde in 0.1 mol/l phosphate buffer for 10 min. The immunogold was visualised by silver intensification [32, 33] .
Quantification of D-aspartate immunoreactivity For quantification purposes, all experiments were performed under identical conditions. That is, retinal sections from each animal were placed on the same 18-well slide and processed at the same time using identical solutions and antibody aliquots. In all experiments, the level of immunoreactivity was measured in each of 30 Müller cell somata from each retinal piece. Images were captured using a Kodak Megaplus high-resolution camera mounted on a Zeiss Axioplan II microscope with a ×40 oil objective and ×10 eye piece. The histogram option of NIH Image 1.49 (NIH, Bethesda, MD, USA) was used to determine the average pixel value over each of 30 Müller cell somata with 8-bit precision (i.e. pixel values range from 0 to 255 or 2.408 log units). Consequently, each pixel value is equivalent to 0.0094 log units of change in immunoreactivity. The level of immunoreactivity (pixel value) determined GLAST labels Müller cell somata and their processes that span the retina from the outer limiting membrane to the inner limiting membrane. There was no apparent change in labelling following the onset of diabetes. Scale bar=50 μm. Flatmount preparation of control (c) and diabetic (d) rat retinae labelled for EAAT4. EAAT4 labels astrocytes within the nerve fibre layer. There was no apparent difference in labelling in control compared with diabetic retinae. ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer. Scale bar=20 μm using these methods is proportional to the logarithm of the concentration of antigen in the tissue [34] [35] [36] .
A dose-response curve was generated for tissue that had been incubated in varying concentrations of D-aspartate. The data was fitted to a Michaelis-Menten equation. The lowest control in vitro value, determined from the incubation of retinae in 0 mmol/l D-aspartate was used to fix the lowest point of the curve. The mean pixel values obtained from the in vivo intravitreal injection experiment were fitted to the curve to determine the relative change in EC 50 between controls and diabetic. The mean pixel value for each of the controls at 1, 4 and 12 weeks was floated to the modelled in vitro curve (i.e. the curve generated from the control in vitro experiment) of the in vitro data. If one assumes that the only change between the two treatment groups is a change in K m value, it is possible to make an estimation of the change in EC 50 during diabetes. To do this the mean pixel values generated from the STZ animals were plotted on the modelled curve using the formula (Y=bottom+(Top−Bottom)/(1+10^((logEC 50 −X))). By doing this we were able to quantify the relative change in EC 50 for D-aspartate uptake in control and diabetic retinae.
Statistical analysis Statistical analysis was performed using an ANOVA (Statview) and a p value of less than 0.05 was considered statistically significant.
Results

Glutamate transporter expression in Müller cells and astrocytes during diabetes
We evaluated the expression of GLAST and EAAT4 by immunocytochemistry and realtime PCR. Figure 1a and b show vertical cryostat sections of control and diabetic rat retinae following 12 weeks of diabetes that had been immunolabelled for GLAST. Consistent with previous reports, GLAST was localised within Müller cell processes within both plexiform layers and their endfeet in the inner limiting membrane [13, 21] . We were unable to detect any large differences in immunoreactivity between control and diabetic retinae.
EAAT4 has been previously associated with glutamate uptake into Purkinje cells of the cerebellum. We have recently shown that EAAT4 is expressed by astrocytes in the retina [14] . Figure 1c and d shows EAAT4 labelling in whole-mounted control and diabetic rat retinae 12 weeks post-diabetogenesis. The labelling pattern looks very similar to the control, and we were unable to detect any differences in the level of EAAT4 in control compared with STZ animals.
In order to examine whether the mRNA expression levels of GLAST and EAAT4 are abnormal, we performed semi-quantitative real-time PCR, which is known to provide an accurate measure of gene expression. The rat HPRT gene was used to correct for mRNA. Figure 2 shows the relative expression of GLAST and EAAT4 in control and diabetic retinae 12 weeks post diabetogenesis. Although the expression of both GLAST and EAAT4 appears to increase by approximately 20% in diabetic retinae, this was not statistically significant.
Diabetic Müller cells have enhanced D-aspartate uptake
Previous studies have suggested that glutamate turnover is likely to be abnormal in diabetes [15, 16, 25, 27] . D-Aspartate is a non-metabolisable substrate for GLAST. Quantification of the level of D-aspartate taken up by glial cells is a well established method for examining the function of glutamate transporters [30, 31, 37] . We evaluated glutamate uptake in Müller cells, by examining the level of uptake of D-aspartate in Müller cells. Because our ultimate aim was to evaluate the level of D-aspartate uptake in Müller cells following intravitreal injection, it was first necessary to confirm that the concentration of injected D-aspartate saturates the transport system. Figure 3a shows D-aspartate immunoreactivity in the rat retina following incubation for 10 min in 0.3 mmol/l D-aspartate. D-aspartate labelled Müller cell somata in the inner nuclear layer (INL), their end feet and processes extending radially throughout the outer nuclear layer (ONL) and inner plexiform layer (IPL). This is a similar pattern of immunoreactivity to that previously described [30, 37] . By contrast, D-aspartate immunoreactivity was immunonegative in tissue that had been incubated in no D-aspartate (data not shown). The relative change in D-aspartate immunoreactivity in Müller cells as a function of the logarithm of the exogenous concentration of D-aspartate is shown in Fig. 3b . An EC 50 value (exogenous concentration of D-aspartate required for half the maximum change in D-aspartate immunoreactivity) was determined from this graph. The EC 50 value was found to be 49 μmol/l. Therefore, injecting 100-370 μmol/l D-aspartate would represent concentrations that should be reliably quantifiable.
Uptake of D-aspartate was examined following 1, 4 and 12 weeks of diabetes. We observed very little D-aspartate uptake into Müller cells following injection with 0.1 mmol/l D-aspartate (data not shown). However, injection with 0.37 mmol/l D-aspartate resulted in a reproducible and Fig. 2 Semi-quantitative analysis of GLAST and EAAT4 expression in control and diabetic rat retinae following 12 weeks of diabetes. Total RNA was isolated from rat retinae and cDNA reverse transcribed using oligo dT primers. The relative expression of GLAST and EAAT4 was estimated using real-time PCR and amounts were corrected using the housekeeping gene, HPRT Figure 4 shows control and diabetic retinae labelled for D-aspartate at 1, 4 and 12 weeks following onset of diabetes. D-Aspartate immunoreactivity was found to intensely label Müller cell somata and processes in all of the retinae examined. In addition, there appeared to be a higher level of D-aspartate immunoreactivity in diabetic retinae compared to controls. We quantified the relative difference in D-aspartate immunoreactivity (pixel value) in control and diabetic Müller cells (Fig. 5a) . At all stages of diabetes examined, D-aspartate uptake was greater in diabetic Müller cell somata compared with controls ( Fig. 5a ; ANOVA, p<0.0001). Although D-aspartate uptake was higher in diabetic Müller cells following 4 weeks of diabetes than controls, it was significantly less than that observed following either 1 or 12 weeks of diabetes. This may reflect an improvement in retinal function at this stage of diabetes. It is not clear why this functional improvement might occur, but it could be related to toxic effects of the STZ injection following 1 week and true hyperglycaemic effects at later stages of diabetes.
In order to verify the significance of this increase in Daspartate uptake we floated the mean D-aspartate values generated from the intravitreal experiment onto our doseresponse curve generated in Fig. 3b (Fig. 5b) . By doing this, we were able to approximate the change in EC 50 value in D-aspartate uptake in control and diabetic retinae. There was a difference of 0.304 log units between the EC 50 value for the controls and diabetics ( Fig. 5b 
Discussion
Abnormalities in glutamate recycling are known to have deleterious effects on the function of retinal neurons in a number of retinal diseases. In this study we examined the expression of two glutamate transporters and evaluated the function of GLAST, the major glutamate transporter in the retina. We found that expression of GLAST and EAAT4 was unchanged following 12 weeks of diabetes but that, functionally, glutamate uptake was enhanced, even after a short period of diabetes.
There are two major classes of macroglial cells within the retina; Müller cells are the predominant glial cell type and express the glutamate transporter GLAST [8, 13, 21] . It is well known that GLAST provides the bulk of glutamate uptake within the retina [23, 24, 38] . Indeed, loss of function of GLAST results in a major loss of retinal structure and function. To our surprise we observed an increase D-aspartate uptake even at an early stage of diabetes. This finding is at odds with those demonstrated by Li and Puro [27] , who showed that the 1-trans-pyrrolidine-2,4-dicarboxylate-induced current in isolated Müller cells was less in diabetic Müller cells than controls. Although it is not clear why our results differ, it should be emphasised that we used an in vivo measurement to assess uptake, rather than examination of this aspect in isolated cells. Experimentation on isolated cells may not always reflect function in vivo because the external environment is artificially controlled. This may be particularly significant in studying the changes in cellular function during diabetes because the external milieu can be altered by breakdown of the bloodretinal barrier [28] .
There are several possible explanations for the observed increase in glutamate uptake during diabetes. The function of GLAST is not directly dependent on the protein expression within a tissue. Like other amino acid transporters, function is dependent on translocation of the protein between the plasma membrane and intracellular storage compartments. Alterations in cell-surface expression can up-or down-regulate membrane proteins within minutes, far more rapidly than is possible by protein synthesis (for review see Danbolt [39] ). Examples of such mechanisms can be observed for glucose transporters; GLUT4 moves to the plasma membrane in response to insulin. Similarly, membrane expression of transporters for GABA, glycine and serotonin use similar mechanisms. In terms of glutamate transporters, EAAC1 has been shown to translocate to the cell surface of C6 glioma cells in response to activation by protein kinase C [40] . Although little information is available on the intracellular concentrations of GLAST in brain or retinal glia, two studies highlight the importance of this mechanism for rapid changes in GLAST function in the glia. Duan et al. [41] demonstrated rapid changes in surface expression of GLAST in murine astrocytes in response to exogenous glutamate. Payet et al. [42] recently showed that hypoxia caused an dramatic increase in GLAST function in isolated retinal cells, an effect that was blocked by treatment with cytochalasin B, an inhibitor of actin polymerisation. We propose that GLAST function increases during diabetes, in the absence of a change in mRNA expression, because of a mobilisation of protein to the cell surface of Müller cells. Further work is necessary to definitively understand the mechanisms involved in this form of transporter regulation.
There are several factors that can regulate GLAST function and possible cell surface expression. Glutamate is known to trigger a rapid increase in surface expression of GLAST and EAAT4 [41] . Other factors that may play a role include activation of glutamate receptors on glia [43] , modulation of GLAST expression by growth factors such as insulin growth factor-1, oxidative stress [44] , arachidonic acid [45] , or protein kinase C [46] . Other factors such as plasma that leak from the break down of the blood-retinal barrier can also alter ion channel conductance within Müller cells [29] . Clearly, GLAST function could be altered by any of the myriad of biochemical changes that are known to occur during diabetic retinopathy.
It is well known that a fully functional glutamate turnover system is required for normal neuronal function. Indeed, many conditions such as amyotrophic lateral sclerosis, Alzheimer's disease, and neuronal death following ischaemia, have been linked with abnormalities in glutamate transport, and in particular a decrease in glial glutamate transport [39] . Indeed, Lieth et al. [16] suggest that a decrease in glutamate transporter function could explain the neuronal dysfunction and possibly neuronal apoptosis that occurs during diabetes [5, 47, 48] . Essentially, an elevation of extracellular glutamate concentrations is known to lead to excitotoxic stimulation and subsequent death of neurons.
We observed a doubling of glutamate uptake capacity in diabetic Müller cells compared to controls. It is interesting to note that this is not the first retinal or CNS disease associated with an increase in glutamate transporter function. Indeed, following hypoxia, glutamate uptake is enhanced in isolated retinal cells [42] . Moreover glutamate transporter expression is enhanced in the thalamus of patients with schizophrenia [49] . In schizophrenia, the hyperfunction of GLAST is thought to play a significant role in the disease process. In particular, Smith et al. [49] suggest that the hyperfunction of GLAST may be linked with a decrease in NMDA receptor expression in schizophrenia [50] . An increase in glutamate uptake capacity would lower the concentrations of glutamate within synapses to levels below that normally found. This could have downstream effects such a reduction in glutamate receptor expression and function. There are no reports of changes in glutamate receptor expression in the retina during diabetes. However, it is well known that there are a myriad of neuronal changes [1] [2] [3] [4] [5] [6] [7] . It is possible that some of the neuronal dysfunction reported to occur during diabetes could arise because of an abnormality of glutamate transport and concomitant glutamate receptor expression changes. Further work is necessary to address this issue.
Several reports have suggested that there is neuronal death within the retina during diabetes [16, 46, 47] . Our results demonstrating an increase in glutamate uptake suggest that glutamate neurotoxicity is unlikely to play a major role in causing neuronal apoptosis. The reported increases in glutamate concentrations in the vitreous could arise from the breakdown in the blood-retinal barrier [15] and bloodaqueous barrier. However, the extracellular concentration of glutamate within the retina would be maintained at "safe" levels.
In summary, our results indicate that although there is no change in expression of GLAST or EAAT4 there is an increase in glutamate uptake by Müller cells as early as one week following the induction of diabetes. These results suggest that although Müller cells undergo gliosis at an early stage of diabetes, one of the most important functions for maintaining normal retinal function is preserved. Further work is necessary to determine whether the observed elevation in glutamate transporter function is linked with neuronal dysfunction.
